To evaluate the incremental prognostic value of reserve-pulse pressure (reserve-PP: exercise-PP minus rest-PP) to standard risk factors among patients with suspected coronary artery disease (CAD) but normal exercise myocardial perfusion imaging (MPI).
Introduction
Exercise myocardial perfusion imaging (MPI) with single photon emission computed tomography (SPECT) is an excellent tool to stratify risk of future cardiovascular events. 1 -3 Patients with a normal exercise MPI have an excellent prognosis with ,1% of the patients with a normal scan experiencing adverse cardiac events (cardiac death or myocardial infarction) each year. However, in most laboratories the majority of the patients ( 60-70%) have normal or low-risk scans or treadmill test results. Hence, when we count the absolute number of adverse cardiac events, more events are observed in the normal MPI compared with the abnormal MPI group. 4, 5 Indeed, among patients who suffered an adverse cardiovascular event, 50% of them had a low risk MPI (normal or mildly abnormal MPI) and about 85% of patients had a low or intermediate risk Duke Treadmill Score (DTS). 4, 5 These findings highlight the fact that conventional tests of ischaemia such as exercise treadmill testing and MPI may † Denotes equal contribution.
underestimate a significant proportion of future clinical events, likely from failure to detect non-obstructive coronary artery disease (CAD). Several reports have suggested incremental risk stratification with measures of atherosclerosis such as calcium score in patients with normal MPI. 6, 7 The current study attempts to improve the risk stratification of symptomatic patients without known CAD and with a normal exercise MPI, using exercise-induced changes in pulse pressure (PP) as a novel risk marker. Increased rest-PP is a marker of arterial stiffness, signifies underlying vascular disease, and predicts subsequent cardiovascular events. 8 Under physiological conditions, there is a several fold increase in PP from rest to peak exercise (reserve-PP). This is likely mediated by the exercise-induced increase in stroke volume and decrease in peripheral vascular resistance that leads to an increase in arterial flow and increased shear stress on the endothelium with release of nitric oxide and vasodilation. 9 Indeed, a suboptimal increase in PP with exercise has been described in older individuals, individuals with dyslipidaemia, 10 and those with endothelial dysfunction (impaired brachial artery flow mediated dilation). 11 These findings suggest that with dynamic exercise, suboptimal increase in PP may relate to vascular dysfunction from atherosclerosis.
To date, prior studies have not evaluated the incremental prognostic utility of changes in PP with exercise to standard risk factors for classifying risk of death after exercise MPI. We hypothesized that an abnormal reserve-PP (exercise-PP minus rest-PP) could add to existing parameters in identifying patients at high risk of death after a normal MPI. The primary objective of this study was to evaluate the incremental prognostic value of reserve-PP compared with conventional risk markers, including the DTS and heart rate recovery (HRR), among patients with suspected CAD but normal exercise MPI.
Methods

Study population
We evaluated 5417 consecutive patients with suspected CAD and a normal clinically indicated symptom-limited exercise Technetium-99m SPECT (2002 SPECT ( -2006 . Patients with known CAD (prior coronary revascularization or Q-wave myocardial infarction, n ¼ 937, 17.3%) or a .10 mmHg decrease in systolic blood pressure during exercise (n ¼ 12) were excluded (due to the concern of balanced ischaemia). Patients with left bundle branch block, paced rhythm or uninterpretable baseline electrocardiogram (n ¼ 180, 3.3%), severe valvular disease (n ¼ 84, 1.6%), patients on haemodialysis (n ¼ 22, 0.4%), and those with ,365 days follow-up (n ¼ 51) were excluded. Some patients had overlapping exclusion criteria. The remaining 4269 patients comprised the study cohort for this analysis. The Partners human research committee (Boston, MA, USA) approved this study and waived the requirement of informed consent.
Exercise protocol
A structured interview and a chart review were performed for every patient prior to the exercise test, documenting medical history including symptoms, coronary risk factors, prior cardiac events and medications as well as height, and weight, into a database. The pre-test likelihood of CAD was calculated using the logistic-based formula developed and reported by Pryor et al.
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All patients underwent maximal symptom-limited treadmill exercise according to the Bruce protocol. Heart rate, blood pressure, and a 12-lead electrocardiogram were obtained before exercise, at the beginning of each stage, during the first minute of recovery, and then every minute for 5 min or until the electrocardiogram returned to baseline (in the presence of ST-segment changes or arrhythmia). Exercise endpoints included physical exhaustion, limiting symptoms of claudication, angina pectoris or dyspnoea, horizontal or downsloping ST-segment depression ≥3 mm (80 ms after the J-point), ST-segment elevation .1 mm, sustained ventricular tachycardia, and exertional hypotension (≥10 mmHg decrease in systolic blood pressure). Workload in metabolic equivalents (METs) was estimated based on treadmill time.
Duke treadmill score was determined as previously described, 13 duration of exercise in minutes 2 (5 × maximum ST-segment deviation in millimetres) 2 (4 × treadmill angina index). 14 A DTS of ,25 (intermediate or high risk) was considered abnormal. Heart rate recovery was computed as peak exercise heart rate minus heart rate 1 min after exercise (with 1 min cool down at 1.7 mph) in 4218 patients. A HRR of ≤12 bpm was considered abnormal based on the prior literature. 15 
Pulse pressure
Systolic and diastolic blood pressure was measured manually before the test and during each exercise stage using an appropriate sized cuff and mobile aneroid sphygmomanometers (Welch Allen CE0297). Pulse pressure (arithmetic difference between the systolic and diastolic blood pressure) was computed at rest and at peak exercise. Reserve-PP was defined as PP at peak exercise (exercise-PP) minus PP at rest (rest-PP). A reserve-PP of ,44 mmHg was considered abnormal based on receiver operator characteristic analysis for the prediction of mortality.
Myocardial perfusion imaging analysis
Patients underwent rest-stress Tc-99m sestamibi SPECT MPI per standard protocol 16 Two experienced observers (S.D., M.D.C.) assessed all studies using the standard 17-segment model and a 5-point scoring system. Global summed scores were computed for the stress and rest images. The scan was considered to be normal if the summed stress score was ≤3. Left ventricular ejection fraction was analysed on the post stress images with commercially available software.
Study endpoint
The primary endpoint of this study was all-cause mortality, ascertained using the Partners Health 17 and integrated discrimination improvement (IDI). 18 For the NRI and IDI, we right-censored the data and studied mortality risk within 3 years (minimum follow-up 3.12 years in all alive subjects) using a published SAS macro 17 and categories of ,1%, 1 -3%, .3% over a 3 year follow-up (for NRI). The survival analyses were performed with the SAS software (version 9.12, SAS Institute, Cary, NC, USA). The R software was used to compute log hazard and age-adjusted Kaplan -Meier curves and Harrell's c-statistic.
Results
The mean age of the cohort was 58 years, with 56% women ( Table 1 ). The majority of the patients (95%) had an intermediate pretest likelihood of CAD, referred for evaluation of suspected CAD. A total of 72% of patient had low DTS and another 28% intermediate DTS.
Compared with patients with a normal reserve-PP, those with an abnormal reserve-PP (,44 mm Hg) were older, more likely to be women, and had lower BMI, but they had a higher percentage of hypertension, diabetes, and use of beta-blockers and diuretics ( Table 1) . Patients with an abnormal reserve-PP were more likely to have dyspnoea as the test indication and a higher baseline left ventricular ejection fraction.
Haemodynamics and exercise test characteristics
Compared with patients who had a normal reserve-PP, those with an abnormal reserve-PP had higher risk exercise test characteristics, such as a higher rest heart rate and lower values of HRR, DTS, maximal workload, and maximal heart rate attained ( Table 1) . Patients with an abnormal reserve-PP had a higher rest-PP as well as a lower exercise-PP compared with those with a normal reserve-PP.
Reserve-pulse pressure and mortality
Overall, there were 202 deaths (4.7%) over a mean follow-up of 5.2 + 1.4 years (annualized mortality of 0.92%). In patients with HRR data (n ¼ 4218) there were 190 deaths, and this cohort was used for the multivariable models. About two-thirds of the patients who died (132/202, 65.3%) had an abnormal reserve-PP. Patients with an abnormal reserve-PP had a significantly higher unadjusted mortality risk compared with patients with abnormal reserve-PP [hazard ratio (HR): 2.47, 95% CI, 1.8 -3.3].
The proportion of subjects with abnormal DTS, HRR, reserve PP, or any one or more abnormal parameters was significantly higher in patients who subsequently died compared with survivors (P , 0.0001 for each comparison, Figure 1 ). Conventional exercise parameters of DTS and HRR demonstrated a large detection gap in identifying patients who died ( Figure 1 ). Of the patients who subsequently died, only 54.4% of them had an abnormal DTS (83/158), 52.7% (78/148) had an abnormal HRR, but 69.6% (110/158) had an abnormal reserve PP during their index stress test. When abnormal DTS or abnormal HRR were considered a greater proportion of patients with events were identified (76.4%, 113/148). When one of the three parameters of DTS, HRR, and reserve-PP was abnormal, only a few deaths (6.8%, n ¼ 10) were missed by using the combination of any one of the three abnormal parameters.
Univariable correlates of mortality
In this cohort, older age, male gender, smoking, lower left ventricular ejection fraction, diuretic use, lower DTS, lower HRR, higher rest systolic blood pressure, higher rest-PP, lower peak PP, and a lower reserve-PP were all significant univariable predictors of mortality ( Table 2) . Kaplan-Meier survival curves adjusted for age show significantly better survival in patients with a normal reserve-PP compared with those with abnormal reserve-PP ( Figure 2) .
Multivariable Cox regression analysis to predict risk-adjusted mortality
We developed four separate models to evaluate the independent and incremental value of rest-PP, exercise-PP, and reserve-PP over known clinical and exercise risk markers in predicting mortality ( Table 3) . Model 1 incorporating clinical risk factors, medications, left ventricular ejection fraction, DTS, and HRR was the referent model with several independent predictors of mortality ( Table 3) . After adjustment for the model 1 covariates, rest-PP (HR 0.84; 95% confidence interval, 0.70-1.01; P ¼ 0.07) was only a borderline significant predictor of mortality (model 2). Exercise-PP and reserve-PP were independent predictors of mortality (HR 0.83; 95% CI, 0.76-0.91; P , 0.0001) (models 3 and 4). Each 10 mmHg lower exercise-PP and reserve-PP was associated with a 20.6% (95% CI) higher risk-adjusted mortality. Models 3 and 4 were identical, except that rest-PP was not an independent predictor of mortality in model 3. We found no significant interactions between sex and LVEF, or between age and rest-PP, exercise-PP or reserve-PP.
Addition of exercise-PP or reserve-PP to the base model (model 1) appropriately reclassified patients into lower or higher risk categories ( Table 3 , NRI, 14.3% P ¼ 0.0007). Models incorporating METs instead of DTS were very similar with an NRI of 10.7%, P ¼ 0.01 (Appendix Table A1 ); METs remained a significant independent predictor or mortality in addition to reserve-PP. Using IDI, a measure of model performance that does not depend on risk categories, the difference in average predicted probabilities between case (patients who died) and control patients (patients that were alive) increased by 0.69%, P ¼ 0.01, when exercise or reserve PP was considered.
Finally, as shown in Figure 3 , adjusted mortality risk was inversely and exponentially related to reserve-PP. In patients at the normal end of reserve-PP, risk was similar for patients with normal or abnormal DTS/ HRR. However, in patients at the abnormal end of reserve-PP, the curves diverge, suggesting that the risk is higher in patients with abnormal DTS and or HRR compared with those with normal DTS and HRR.
Discussion
Reducing mortality from cardiovascular disease is an important health care goal, but risk stratification with existing strategies of ischaemia evaluation is suboptimal. 4 Despite excellent prognosis with a normal MPI, a small though not inconsequential proportion of events occur in patients with normal/mildly abnormal MPI. 4 In the current study, we evaluated a simple risk marker, reserve-PP, to further risk stratification of patients with normal MPI. In this cohort, 24% of patients who died were not identified as high risk by DTS and HRR. However, by adding reserve-PP to DTS and HRR, identification of patients at risk of mortality improved significantly, with only 7% of deaths not identified by the combination of normal DTS, HRR, and reserve-PP. On multivariable analysis, reserve-PP and exercise-PP were significant independent predictors of mortality and improved risk reclassification in 14.3% of patients when compared with models without reserve-PP or exercise-PP information. Each 10 mm lower reserve-PP conferred a 20.6% higher risk-adjusted mortality.
Comparison to prior exercise studies
The relationship between rest-PP, 19 -21 MPI, 5 DTS, 5 HRR, 15, 22, 23 and cardiovascular risk, respectively, have been independently examined previously. A 10 mmHg increment in rest-PP was associated with an increase in the risk of coronary heart disease (12%), congestive heart failure (14%), and mortality (6%) (15) . Likewise, Figure 1 The proportion of patients with abnormal reserve pulse pressure (PP), Duke treadmill score (DTS), and heart rate recovery (HRR) abnormal DTS 14 and HRR 15 are established predictors of mortality. Few studies have evaluated changes in PP during exercise. In one study, adolescent offspring of hypertensive patients demonstrated diminished PP responses to psychological stress. 24 In another study of 20 athletes, exercise-PP was directly related to physiological left ventricular hypertrophy and VO2 max, suggesting that a higher exercise-PP may be physiological and protective. 25 In the Framingham Heart Study, dynamic blood pressure response and exercise diastolic blood pressure were incremental to rest BP information for predicting the risk of incident cardiovascular disease, but that study did not specifically evaluate changes in PP with exercise. 26 To the best of our knowledge, this is the first study evaluating the value of reserve-PP to further risk stratify patients with normal MPI. A decrease in systolic blood pressure ≥10 mmHg, a flat blood pressure response, and a peak systolic blood pressure of ,120 mmHg during dynamic exercise are known high risk markers. 27 Our results extend these prior observations by
showing that a failure to increase PP with exercise portends worse prognosis in certain patients.
Comparison to prior imaging studies
Also, patients with prior CAD, a high DTS, undergoing pharmacologic stress testing, elderly and female diabetics have higher event rates despite a normal MPI. 5, 28 Our study findings extend those results by demonstrating that an abnormal reserve-PP identifies a group at high risk of mortality despite no apparent CAD, a low/ intermediate risk DTS, normal HRR, and independent of functional capacity. Markers of atherosclerosis such as coronary calcium score 6, 7, 29 or imaging markers such as transient cavity dilation, increased lung uptake 30, 31 improve risk stratification of patients with normal MPI. Likewise, it is unknown if abnormal reserve-PP provides similar prognostic information as an abnormal coronary artery calcium score in patients with normal MPI needs to be further explored. Finally, the relatively high mortality in patients with an abnormal reserve-PP despite normal MPI could be mediated via atherosclerotic risk factors and non-obstructive CAD, balanced ischaemia (extensive CAD with normal MPI), coronary microvascular dysfunction, or complications arising from systemic vascular dysfunction. Although myocardial blood flow quantitation using PET MPI can better identify these factors, it can be challenging with exercise stress and PET MPI is not as widely available, making reserve-PP an attractive option. Also, vasodilator coronary flow reserve on MPI reflects a combination of endothelium independent and endothelium dependent flow abnormalities. In healthy adults, PP measures correlate inversely with global endothelial function and measures of central artery stiffness and augmentation index. The variables included in model 1 were: cardiovascular risk factors [age (10 year increments), gender, history of diabetes, smoking], medication use (diuretic and beta blocker use), haemodynamics (rest systolic blood pressure, 10 unit increments), exercise stress parameters (peak heart rate, DTS, HRR), and left ventricular ejection fraction (10 unit increments). Models 2, 3, and 4 included all the variables in model 1 and rest-PP, exercise-PP, and reserve-PP (10 unit increments), respectively. NRI and IDI were computed for the same models including events in 3.12 years of follow-up. NRI, net reclassification improvement; IDI, integrated discrimination improvement; LVEF, left ventricular ejection fraction; SBP, systolic blood pressure.
reserve-PP appears to be in identifying the lowest risk patients, particularly when used in conjunction with conventional risk markers such as DTS, HRR, and workload (METs).
Potential mechanistic links between reserve-pulse pressure and mortality
The precise mechanistic links between lower reserve-PP and mortality cannot be determined from this study. Abnormal central arterial compliance is related to cardiovascular risk factors and predicts adverse cardiovascular outcomes. 33 Rest-PP reflects the state of vascular compliance. 34, 35 Exercise-PP is related to higher cardiac output (by higher heart rate and stroke volume) and relative arterial compliance during exercise. Therefore, diminished reserve-PP may reflect abnormalities in exercise-induced left ventricular stroke volume (ischaemic myocardial dysfunction, heart failure) or arterial compliance and may indicate a mismatch between exercise-induced stroke volume and arterial compliance (impediment to stroke output, chamber, or vascular stiffness). Also, vascular compliance decreases with age and with hypertension and as such increasing age and heart failure from uncontrolled hypertension may be another link between abnormal PP response and mortality. Impaired baroreceptor sensitivity in the elderly and those with hypertension is associated with increased arterial stiffness 33 and can result in inadequate PP response with exercise.
Thus, reserve-PP likely represents a functional measure of overall cardiac and vascular health obtained during routine treadmill testing.
Study strengths and limitations
This was observational, single-centre study, although large in size and prospective in design. Since abnormal PP signifies vascular disease, we felt that all-cause mortality was a more appropriate endpoint than cardiac specific mortality, and it was also less subject to bias. We examined symptomatic patients referred for evaluation of suspected CAD, and therefore these results and the cutoff values for normal reserve-PP from this study are most applicable to similar individuals. Assessment of peak exercise diastolic blood pressure may be difficult. But, we routinely report peak exercise diastolic blood pressure in clinical practice, and it has also been used in research studies. 36, 37 The majority of the patients in our cohort were treated with anti-hypertensive medications that may affect aortic stiffness and endothelial function and alter the true relationship between these physiologic markers. 
Conclusions
In patients with suspected CAD and normal MPI, suboptimal reserve-PP is a simple and useful marker of risk that provides incremental prognostic value by appropriately reclassifying a significant proportion of subjects with normal MPI into higher or lower risk of mortality. The ease of measurement without adding cost makes reserve-PP a particularly attractive risk marker in this era where containing costs and accurate risk assessment is a major priority. The variables included in the model 1 were: cardiovascular risk factors [age (10 year increments), gender, history of diabetes, smoking], medication use (diuretic & beta blocker use), hemodynamics (rest systolic blood pressure, 10 unit increments), exercise stress parameters (peak heart rate, DTS, HRR) and left ventricular ejection fraction (10 unit increments). Models 2, 3 and 4 included all the variables in model 1 and rest-PP, exercise-PP and reserve-PP (10 unit increments), respectively. NRI and IDI were computed for the same models including events in 3.12 years of follow-up. NRI, net reclassification improvement; IDI, integrated discrimination improvement; LVEF, left ventricular ejection fraction; SBP, systolic blood pressure.
